Abstract: A simple method is developed to determine seismic moments of earthquakes by using tabulated data in usual seismological bulletins. The method is qualified through the criteria such as simplicity of calculations, coverage of wide magnitude range, and insensitivity to the instrumental response:
Introduction
It has been recognized that we cannot express every detail of an earthquake by a single parameter, since the physical process underlying an earthquake is very complex (Kanamori and Anderson, 1975) . However, it would be convenient if we can find a single parameter that describes the overall size of earthquake. This is the very concept of earthquake magnitude. Surface wave magnitude M5 has been introduced as a scale for earthquake using dominant seismic surface-waves with a period of 20 sec at very long distance. Another scale is body-wave magnitude mb, which is defined based on seismic body-waves. The period of body waves at teleseismic distances is usually from 1 to 10 sec. Therefore, M, and mb represent different part of frequency spectrum of seismic waves, so that each of these scales describes a different physical parameter of an earthquake source. The estimate of seismic energy of an earthquake has been usually done by using the crude parameter Ms through a simple relation between magnitude and energy (e.g., Gutenberg and Richter, 1954) .
The seismic moment M, is the alternative concept to estimate the size of earthquake source. Aki (1966) defined the seismic moment of an earthquake as a product of force and arm length of the component double force, applying elastic dislocation theory to the study of earthquake mechanism. The amplitude of seismic waves at a very long period is proportional to the quantity Mo=iuDS, where S is the fault area, D is the average value of displacement discontinuity on the fault, and p is the rigidity. If we assume that the fault motion stops when the stress on the fault plane becomes equal to the frictional stress af, the total work done by an earthquake is W=(aid-uf) M0/21i where al is the applied stress before the faulting. This estimate of total energy is more realistic than that from earthquake magnitude, because the physical process underlying the earthquake is taken account.
Seismic moment of an earthquake is usually calculated from observed seismograms after correcting the effects of propagation and attenuation of seismic waves and of the fault geometry. It is not so simple to determine the seismic moment of an earthquake compared to the determination of magnitude, because of elabolate procedure of calculations. Furthermore, poor qualities of observations in old days result in much less accuracy of M0 than that for recent earthquakes.
It is the purpose of this paper to introduce a very simple scheme to estimate M, by small amount of calculations but with satisfactory accuracy. The method will be qualified in the following sections through the criteria such as simplicity of calculations, coverage of wide magnitude-range, and insensitivity to the detailed instrumental response.
Method of Basic Analysis
According to the studies on radiation patterns of seismic waves by Ben-Menahem (1961) and Hirasawa and Stauder (1965) , the effect of finite moving-source on the amplitude radiation pattern can be eliminated by taking a quantity of amplitude multiplied by its period. The quantity after correcting the geometrical diminution is proportional to the static seismic-moment with a scalor factor due to fault geometry. This gives the basis of the present analysis to estimate the seismic moment from tabulated data in usual seismological bulletins.
The materials necessary to the estimation are the maximum amplitude of ground motions and its apparent period. The practical procedure will be explained taking an example of the Japanese earthquakes of which data are tabulated in the Seismological Bulletins of Japan Meteorological Agency (JMA).
In the JMA seismological network Wiechert seismographs were widely spread after the Kwanto earthquake of 1923. An electromagnetic seismograph having almost identical frequency characteristics with that of Wiechert seismograph took the place since early 1960's. Both seismographs have a natural period of about 5 sec, so that the instrumental characteristics distort the spectrum of ground motions especially in the period range longer than 5 sec. The earthquakes analyzed here are those which occurred under the land of Japan and the Japan sea. 163 earthquakes are selected; 71 major earthquakes from 1926 to 1967 of which JMA magnitude MJMA is larger than 6.0 and 92 earthquakes from 1968 to 1977 of which magnitudes distribute from 4.3 to 7.5. The earthquakes are so selected that their focal depths are shallower than 40 km, and, therefore, these events may be considered to be intraplate earthquakes in Japan.
First, characteristic period T, of an earthquake is introduced. Apparent periods of wavelets which give the maximum amplitudes in horizontal and vertical components for two earthquakes are shown in Fig. 1 against epicentral distances. Remarkable feature in Fig. 1 (a) is that the period of about 16 sec is predominant for epicentral distances longer than about 700 km. These wavelets are probably dispersed surfacewaves. On the other hand, most of the periods between 200 and 700 km in distance are scattered around 5 sec for this earthquake. The latter wavelets are considered to be S waves, or reflected or refracted waves by some discontinuities. The feature in Fig. 1 (b) is not so clear, however most of the periods are scattered around 6 sec in the distance range from 200 to 700 km. The average period for the longer distance than 700 km is about 10 to 12 sec.
The average period between 200 and 700 km in distance varies from one earthquake to another. We define the characteristic period T, of each earthquake by the average of apparent periods within the distance range from 200 to 700 km. This period may be somehow in relation to a time constant of earthqauke source, for example, the period of corner frequency which is commonly used to describe the source.
Next, amplitude information is taken into consideration as another parameter. This parameter is defined as a product of maximum amplitude, its period and epicentral distance A at each station. The epicentral distance d is understood to be the correction for the geometrical diminution, assuming the wavelets in concern are of body-wave type. The average value is calculated from these products obtained from horizontal components at stations with epicentral distances between 200 and 400 km, and the value is here designated as seismic-moment factor Me at the period T, for a given earthquake. The dimension and absolute value of Me thus calculated are different from those of seismic moment by some constant which is independent of earthquake source-size. Although we will use Me as a parameter which corresponds to seismic moment, the reader should be aware of the difference due to the constant. The narrow range of distance, in comparison with that for T, determination, is taken so as to reduce the uncertainty due to seismic-energy attenuation into a permissible range and to obtain almost equal number of data for small earthquakes to that for large ones. The correction for the amplitude radiation pattern due to the fault geometry is assumed to be a constant, because Me is evaluated as an average value of some tens of observations with various azimuths from epicenter, and because the static seismicmoment can be evaluated using the relative value of Me's.
An assumption that the wavelet which gives the maximum amplitude is body waves is not serious in the final result. If the wavelet is surface waves, the geometrical diminution factor should be square root of A instead of d in calculating Me. Even in such a case the relative value of Me would not change more than 30%, because the narrow range of epicentral distance is taken into account. Table 1 indicates the practical procedure we made to evaluate T, and Me for an earthquake of September 10, 1969 (M,MA=4.6). There are some stations which give unusually large value, for example, Toyook in Table 1 . Such stations give abnormal value for many earthquakes in various regions. These values are neglected in calculating M" because the values are reasonably considered to be affected by the local structure around the stations. Standard deviation of Te's is generally less than 
Estimation of Static Seismic-Moments
The characteristic period Te is plotted in Fig. 2 versus MJMA of each earthquake. Solid and open circles represent the results based on the observations by electromagnetic and Wiechert seismographs, respectively. The general trends of plots are quite similar to each other, although the absolute values of To's by Wiechert seismograph have a bias by about 1.0 sec compared with those by electromagnetic one. This bias may be due to the difference in the natural periods of the two seismographs. Although the instruction by JMA indicates that the period of Wiechert seismograph should be adjusted so as to be between 4 and 6 sec, most of the periods actually calibrated were shorter than 5 sec, and, therefore, To's by Wiechert seismograph are shifted to shorter period in comparison with those by electromagnetic one. In any case, the effect of the difference in To's on the value of Me is not more than 30% and it is not serious for the present purpose. Fig. 2 also shows that the relation between and MJMA may be classified into two groups as shown by two curves in the figure. The upper group, apart from the general trend of MJMA-T, relation of the other, shows longer periods by about 1.5 sec for a given magnitude. To explain this difference by shifting magnitude scale, it is necessary to add more than 1 unit to each 111 DIA, and it is implausible that this is due to the error in determination of magnitude. This is probably a reflection of some characteristics in local or temporal variation of stress drop for the earthquakes. treated in this study, because the difference does not affect so much on the estimation of static seismic-moments. The plot in Fig. 2 are well represented by a slightly upward convex curve, especially for earthquakes with magnitudes larger than 6.0. The curvature can be attributed to the effect of instrumental response as explained below with the illustration in Fig. 3 , which shows the relation between T, and Me determined by the method in the previous section. Koyama et al. (1979) proposed a scaling model for the Japanese earthquakes, which is essentially identical with the revised model B by Sato and Hirasawa (1975) with a slight modifications to satisfy the relations among surface-wave magnitude Ms (defined at 20 sec), JMA magnitude MJMA (4 sec) and body-wave magnitude mb (1 sec). Solid curves in Fig. 3 represent the theoretical spectra derived from the above scaling model with the multiplication by the frequency characteristis of JMA electromagnetic seismograph. It is assumed that MS=MJMA at Ms-7 to match the calculated spectra to Me's in this study. This assumption is reasonable, because MJMA is so defined (Katsumata, 1970) . Fig. 3 clearly demonstrates that Me's are consistent with the peak values of the calculated spectra and that Me for earthquakes with magnitude smaller than 5 is in proportion to the cube of Te. The peak values of the spectra in Fig. 3 for Ms<5 represent the largest value of source spectrum which is proportional to the static seismic-moment, while those for Ms>5 no longer represent it, because of the instrumental response. The calculated Me, therefore, corresponds to the static seismic-moment for earthquakes with magnitude smaller than 5, whereas it represents the amplitude density of source spectrum at the period of T, for earthquakes with magnitude larger than 5. To determine the constant it is assumed that the calculated Me's for MjmA-=.7 match the spectral peak of the calculated calculated spectrum for M2=7 and that the Me for the Niigata earthquake of 1964, which is plotted by double circle, corresponds to the static seismic-moment of 3 x 1027 dyne•cm. Static seismic-moment for the spectra of selected magnitudes is shown in the figure. Solid line in the figure shows the relation that Me is proportional to the cube of T c.
Although the calculated Me does not correspond to the earthquakes with magnitudes larger than 5, the static earthquakes can be estimated, being based on the scaling (1979). The calculated spectrum for Ms=7 in Fig. 3 for example, shows the spectral peak at about 6 sec. The spectral density at about 6 sec is about 1/10 of the largest value of the theoretical spectrum. That is to say, if we evaluate the spectral density at 6 sec, the static seismic-moment is estimated to be the value at 6 sec multiplied by 10 except for the constant discussed in the previous section. For the determination of the constant we assume that the static seismic-moment of the Niigata earthquake of 1964 is to be 3 x 1027 dyne • cm, which is precisely determined by Aki (1966) and Abe (1975) . The seismic-moment density at the period of 6.4 sec for Ms=7.5 spectrum is about 1/42.6 of the static value, and the calculated Me of the Niigata earthquake is 1.5 x 108cm2•sec at 6.4 sec. Therefore, the constant is evaluated to be about 4.7 X 1017 g/sec3.
To compare the constant value with the theoretical one in the infinite elastic medium, it is necessary to take into account corrections for free surface effect, overestimation of area-size of waveforms, and for attenuation of seismic energy. They are approximately evaluated to be 2, n, and 1/1.12, respectively.
The last value is obtained assuming Qp=500, shear wave velocity 18 of 3.5 km/sec, and length of ray path of 400 km. The constant value, being multiplied by the above corrections, is consequently about 2.6 X 1018 gisec3. The theoretical expression of 117-cpP31<Rest> gives about 2.3 X 1018 g/sec3, where p and <RN> is density and averaged radiation-pattern coefficient, being assumed to be 2.7 g/cm3 and 0.63, respectively. Therefore, the constant value evaluated refering to the seismic-moment density at 6.4 sec of the Niigata earthquake is fairly well consistent with the theoretical one.
Once we thus determine the constant, we can determine the static seismic-moment of any source spectrum. That for 1415=7 is to be 3.2 x 1026 dyne. cm, for example. The values of seismic moment for several selected magnitudes are shown in Fig. 3 .
The static seismic-moments of 16 earthquakes among all the events have been 1927 1930 1931 1943 1945 1948 1961 1963 1964 1968 1968 1969 1970 1974 1974 1976 Month Kanamori (1973) Geller ( Estimated Moment Fig. 4 . Seismic moments of major earthquakes in Japan. The value of seismic moment in the ordimate is determined by the conventional methods and that in the abscissa is estimated in the present study. Numerals indicate the year of each earthquake corresponding to those in Table 2 . The length of bars indicate the uncertainty factor for the present estimates. The range within the broken lines shows the uncertainty for the conventional methods, which is approximately taken to be a factor of 3.
independently determined by the conventional methods from near-and far-field observations. Table 2 lists and Fig. 4 shows the seismic moment of those earthquakes together with the estimated seismic-moment by the present method. Uncertainty of the present results is indicated by bars attached to each value in Fig. 4 . This figure clearly shows that most of the present results fall in the range of uncertainty of the conventional value, which is approximately taken to be a factor of 3.
Conclusions
The conventional methods of seismic-moment determination are usually made using the amplitude spectra of seismic waves at very long period (e.g., Aki, 1966) or synthesized seismograms from theoretical source model (e.g., Kanamori, 1972) , taking into account the effects of propagation and attenuation of seismic waves, fault geometry and instrumental response. Either of the methods needs the precise knowledge on constants of seismographs, whereas the present method requires only a discrete value of spectrum near the natural period of instrument. Therefore, the result is not so sensitive to the instrumental characteristics as in the convetional methods. This method also has an advantage for the determination of seismic moment of old as well as small earthquakes, because relative value of Me, which may be calculated from small number of observations, is used. Furthermore, the present method is advantageous in that the seismic moment can be calculated from relatively shortperiod seismic-waves, because the maintainance of long-period seismographs, which is necessary for the conventional analyses, is more difficult than that of short-period ones. All these points indicate the high potential of superiority for the determination of seismic moment especially in the routine processing of seismic data.
There are two points of arbitrariness in the present determination of static seismicmoment; the constant factor to reduce the calculated Me to corresponding absolute value of seismic-moment density at the characteristic period, and to retrieve static seismic-moment from it. In this study we took a reference standard that Me of 1.5 x 108 cm2•sec corresponds to the absolute value of seismic-moment density at the period of 6.4 sec for the Niigata earthquake of 1964 whose static seismic-moment is 3x 1027 dyne •cm. And we assumed a scaling model by Koyama et al. (1979) to connect the seismic moment density with the static seismic-moment. The former constant, however, has been shown to be consistent with the theoretical value and not to be entirely arbitrary.
The substitution of another scaling model may be necessary for some seismicregions, for example, a different scaling model of interplate earthquakes along the Japan trench has been proposed by Takemura et al. (1979) . Then the constant value mentioned above might be changed by some amount. However, the background idea and the way of approach of the present method is reasonably concluded to be valid for any type of earthquakes all over the world.
